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^igmemationtoImSItMBiodggraJiaiomofNitnaromalieCompommJibtSoQ 


Chamcteriaition  of  QostriMum  btfermetUans  and  its  Biotransfomuition  of  2,4,6- 
Trinitrotoluene  (TNT)  and  l,3,S-Triaza-13»S-Trinitrocyclolieiane  (RDX) 

Summary 

We  have  detenmned  that  an  organism  able  to  d^rade  both  RDX  and  TNT  in  a  pure  culture  is  a 
stnan  of  ChsiriiSwnhifermentans.  The  crmsrKthim  from  wfaidi  this  organism  is  derived  also 
d^rades  these  compoimds,  and  we  su^MCt  that  C.  bifermentems  is  also  the  reqxmsiUe  organism 
within  that  consmthim.  The  bioconversion  of  RDX  and  TNT  occurs  under  anaerotnc  cmiditions 
both  in  the  consortium  and  in  pure  culture  without  the  need  of  an  added  reductam.  Thepreseoce 
of  co-metabolhes  speeded  them  biotransfrumations. 

Introduction 

Bacteria  in  the  genus  Clostridium  have  long  been  known  fin*  their  ability  to  cany  out  novd 
bioconversions  of  unusual  substrates.  The  produ^  of  these  bioconversions  are  as  varied  as  the 
substrates  themsdves.  We  have  confirmed  this  metabolic  versatility  by  isolating  Clostridia  firom  an 
anaerobic  digester  fed  munitions  compounds  as  its  sole  source  of  carbon  and  energy  (Funk  etal., 
1993).  One  isolate,  a  strain  of  Clostridium  bifermentans,  was  aide  to  transfisrm  the  primary 
con^nents  of  e)q)losives,  and  was  also  able  reproduce  the  sequence  of  events  {Mrevicnisly 
observed  in  the  digesta.  That  sequence  was  characterized  by  an  initial  reduction  in  the 
concentration  of  2,4,6-trinitrotoluene  (TNT)  fisUowed  by  concurrent  reductions  in  the 
concentrations  of  both  TNT  and  1,3,5-triaza  l,3,S-trinitro^lohexane  (RDX). 


Ezperimental  Approach 

To  isolate  the  bacterium,  I  ml  of  our  anaerobic  consortium  was  used  to  inoculate  100  ml  of 
anoxicalty  prepared,  sterile  brun  heart  infiirion  (BHI)  broth  (IMfco  Laboratories,  Detroit,  hfich.) 
supplemented  with  ~S0  ppm  RDX.  The  inoculi^  enrichment  was  reduced  with  dithionhe  at  a 
fiiud  concentratkm  of  0.001%  and  incubated  at  3S”C  overnight.  The  enrichnient  flask  was 
streaked  for  isolation  of  pure  cultures  on  BHI  broth  solidified  with  Bacto  agar  (IXfix))  to  a 
finalconcentration  of  2%.  BHI  agar  plates  used  fin*  the  isolation  of  potential  TOT/RDX  danders 
contained  no  RDX.  were  incubated  at  3S**C  ovemi^  in  an  anaerobic  ^ove  box.  Indhiduri 
colonies  shovring  diflfiaent  macroscopic  morphdogies  were  then  streaked  to  anoxkally  prepared 
BHI  slants  ccmtaining  50  ppm  of  RDX.  The  inoculated  slants  were  incubated  24  hours  at  3SX  to  ^ 
obtain  good  growth  and  ^rulation  of  any  sporogenic  cultures,  and  stored  at  4'*C  until  analyzed. 


Morpholc^cal  types  were  tested  alone  and  in  mixtures  fi>r  their  ability  to  biotransfiwm  RDX  m  ^  ^ 

BHI.  Ofthe  isdi^  and  mixtutes  tested,  one  iscdate,  a  qKNolatmg  bacillus,  removed  RDX  fiom  .nn  .  _ 

the  media  more  nqndly  than  the  other  isolates  and  mbctures  (data  not  shown).  This  isrdate  was  - 

thoi  tested  for  its  ability,  as  compared  to  that  ofthe  batch  fixl  anaerobic  consortium  fiomi^ch  it  ^ 
was  isolated,  to  simultaneously  transfisrm  TNT  and  RDX.  These  cqreriments  were  carried  out  in 

rii>de8 

jAvyii  acd/wr 
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anaerobically  prq)ared  BHI  media  containiog  both  TNT(~30  ppm)  and  RDX  (~S0  ppm). 
Inoculated  flaAs  were  prqMured  under  (me  of  three  reducing  ccmcfitkms:  ncm-reduc^  ^steine' 
reduced,  and  dithkmite-re^ced.  An  isolate  deagnated  KMR-1,  which  fhowed  the  high^ 
calculated  percentage  change  DX  after  72  hours,  was  physkriogically  characterized  and 
identified  by  the  AN-IDENT  (API  Systems). 

The  chromosomal  DNA  was  obtained  fiom  the  clostridial  isolate  and  its  16s  riboscmud  sequence 
amplified  by  PCR.  The  16s  amplified  sequence  was  purified  and  cloned  into  pTTBhie  T-vector 
(Novagen).  This  construct  was  introduce  into  Novid>lue  conq)etent  cdls  (Novagen),  and  several 
colonies  containing  the  insert  were  selected.  Thrmcoloiaa  were  gtown  in  a  rich,  selective  mec&im  fix- 
isolation  oftheT^lue  plasmid  coatanvig  die  insert  The  plasmid  DNA  was  isolated  and  prq>ared  for 
dideoxysequaidng  using  M13-Forward  and  M13-Reverse  primers  labeled  with  an  infiar^ 
fluorophore.  A  Se(|uitherm  and  the  Sequhherm  cycle  sequendng  protocol  (Epicoiter  Tedxiologies 
Coip.)  were  used  fix- direct  sequencmg.  The  sequeodqggd  was  ana^zed  via  the  li-Cor  DNA  4000 
(Li-Cor.  Inc.)  fiom  three  sqmrate  sequendng  experiments  with  three  iscdated  colonies. 

To  characterize  the  antibiotic  sensitivities  of  the  dostridial  isolate  KMR-1,  h  was  tested  against 
batteries  of  both  traditional  and  non-tradidcxud  and-dostiidial  andlMotics,  using  methods  as 
described  by  Sutter  (1985).  The  growth  of  strain  KMR-1  was  monitored  by  measuring  the  optical 
density  (OD)  at  600  run  in  the  presence  of  explosives  arxl  different  reducing  agents. 

RDX  and  TNT  concentrations  were  detemuned  by  reverse  i^uue  HPLC  accmdiiig  to  EPA 
Method  8330.  Analysis  was  based  on  the  solute  duti(m  times  and  qrectra  anafysis,  as  ccxnpared 
to  authoitic  standards  run  under  idoitical  ermditions.  An  Uhracaib  5  ODS(20)  250  x  4.6  mm 
column  (Phenomenex)  was  used  for  analysis.  The  solutes  were  duted  firom  the  column  by  an 
isocratic  mobile  phase  of  55%  (v/v)  methanol  and  45%  (v/v)  water,  at  a  flow  rate  of  0.5  ml/min. 
TNT  and  RDX,  synthetized  in  our  laboratory,  were  >99%  pure  (S.  Goszcaynsld,  pers.  comm.). 

To  obtain  scanning  dectron  micrognqihs,  ceUs  were  fixed  with  glutaraldd^e,  pre^restivdy 
dehydrated  with  ethanol  and  fixed  on  aluminum  carriers  with  carbon  tqie.  Cdls  were  sputter- 
(xmted  with  gold  prior  to  observation  with  a  Hummer  m  (Techies).  The  preparations  were 
examined  using  an  AMRAY  scanning  dection  microscope  at  15.0  kV. 

Results  and  Disciusion 

Three  morphological  types  were  found  among  the  isolates.  Flat,  translucent  colonies  with  an 
entire  edge  were  formed  by  strain  KMR-1,  a  rod-sluq)ed,  gram-potitive,  obligatdy  aruerolxc 
strain  that  was  motile,  catalase-n^ative,  and  endoq^re-forming.  It  transfi>rmed  TNT  and  RDX 
in  BHI  medium  eflBdently,  and  was  chosen  fisr  fiirth^  stuefy.  PiiysioI(>gical  characterizatiem  by 
the  API  AN-IDENT  system  tentativdy  identified  KMR-1  asa  strain  of  Clostridium  bifermentans. 
The  four  positive  reactions  obtained  were  indole  production,  leudne  aminopqrtidase,  proline 
aminopeptidase,  aikl  motility;  aU  others  were  n^ative.  Using  three  colony  isolates,  the  16s 
ribosomal  summarized  sequence  (Figure  1)  containing  1024  bases  was  determined. 
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GCAGCAGTGG  GGAATATTGC  ACAATGGGCG 
AAGGCCTTCG  GGTCGTAAAG  CTCTGTCCTC 
AGCCCCGGCT  AACTACGTGC  CAGCAGCCGC 
AATTACTGGG  CGTAAAGGGT  GCGTAGGTGG 
TCAACCGTAG  TAAGCTTTTG  AAACTAGAGA 
CTAGTGTAGC  GGTGAAATGC  GTAGATATTA 
TGGACTGTAA  CTGACACTGA  GGCACGAAAG 
GTAGTCCACG  CCGTAAACGA  TGAGTACTAG 
CTAACGCATT  AAGTACTCCG  CCTGGGAAGT 
ACGGGGACCC  GCACAAGTAG  CGGAGCATGT 
ACCTAAGCTT  GACATCCCAC  TGACCTCTCC 
GACAGGTGGT  GCATGGTTGT  CGTCAGCTCG 
CGAGCGCAAC  CCTTGCCTTT  AGTTGCCAGC 
AGGATAACTC  GGAGGAAGGT  GGGGATGACG 
TACACACGTG  CTACAATGGG  TGGTACAGAG 
CTTAAAGCCA  TTCTCAGTTC  GGATTGTAGG 
CTAGTAATCG  CAGATCAGAA  TGCTGCGGTG 
CGTA 


AAAGCTGATG  CAGCAACGCC  GCGTGAGATG 
AAGGAAGATA  ATGACGGTAC  TTGAGGAGGA 
GGTAATACGT  AGGGGGCTAG  CGTTATCCGG 
TTTTTTAAGT  CAGAAGTGAA  AGGCTACGGC 
ACTTGAGTGC  AGGAGAGGAG  AGTAGAATTC 
GGAGGAATAC  CAGTAGCGAA  GGCGGCTCTC 
CGTGGGGAGC  AAACAGGATT  AGATACCCTG 
GTGTCGGGGG  TTACCCCCTC  GGTGCCGCAG 
ACGCTCGCAA  GAGTAAACTC  AAAGGAATTG 
GGTTTAATTC  GAAGCAACGA  GAAGAACCTT 
CTAATCGGAG  ATTTCTTCGG  GGACAGTGGT 
TGTCGTGAGA  TGTTGGGTTA  AGTCCCGCAA 
ATTAAGTTGG  GCACTCTAGA  GGGACTGCCG 
TCAAATCATC  ATGCCCCTTA  TGCTTAGGGC 
GGTTGCCAAG  CCGCGAGGTG  GAGCTAATCC 
CTGAAACTCG  CCTACATGAA  GCTGGAGTTA 
AATGCGTTCC  CGGGTCTTGT  ACACACCGCC 


Figure  1.  16s  ribosomal  sequence  of  Clostridium  bifermentans  KMR-1 . 


This  16s  ribosomal  sequence  was  conq>ared  to  published  16s  ribosomal  RNA  sequences  of  both  the 
eubacteiia  and  archael^eria  via  PCCENE  (Table  1)  conqniter  software.  Theeubactay  comparisons 
weremadetotwostransofObflridfaan^ilbmeMkn^  one  strun  o( Lactobacillus  bifermentans,  aiul  one 
strain  each  of  Chstidum  sordelli  and  C.  difficile.  The  archad>acterial  comparisons  were  made  to 
MethanooKcus  voltae,  M.  Jarmascbii,  and  M.  ihermolithtarophicus,  Halobacterium  halobhim  and 
H.  volcanii;  Halococcus  morrhuae:  and  Sulfolobus  addocaldarhis.  The  greatest  sequence 
homology  was  found  among  the  known  C.  bifermentans  strains  and  our  putative  C.  bifermentans, 
strain  KMR-1,  and  the  least  among  the  ardiad}acteria  and  C  bifermentansYMKA  (Table  1). 


Table  1.  Comparison  of  16s  ribosomal  sequoice  homology  of  C.  bifermentans  KMR-1  to 
species  of  eubacteria  and  archad)actetia. 


Bacterial  Strain 

NCBISeq-ma 

Identity  Valu^ 

%  Homology^ 

C.  bifermentans 

443826 

1000 

97.66 

C.  bifermentans 

437746 

1008 

98.44 

C.  difficile 

437749 

975 

95.21 

C.  sordelli 

174132 

993 

96.97 

L  bifermentans 

175017 

836 

81.64 

H.  halobium 

43554 

667 

66.11 

H.  volcanii 

174702 

668 

65.23 

H.  morrhuae 

43618 

679 

66.31 

S.  (Kidocaldarius 

460149 

718 

70.12 

M.  voltae 

175444 

684 

66.80 

M.  thermolithotn^diicus 

175445 

687 

67.09 

M  jannaschii 

175446 

682 

66.60 

a  NatkMial  Center  for  BkNedmology  Infiinnation,  NCBI 

and  Miller  1988,  Open  Gap  Cost*  10;  Unit  Gq>  Cost  *  10. 
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Of  the  traditimial  antibiotics  tested  (an^ncillin,  catfaenicillin,  oqdialothin,  chlonnqrfienicoi, 
clinaniycin,  penicillin  G,  and  tetracydineX  KMR-1  showed  resistance  oi^  against  tetra^cline.  Of 
the  non-tnufitional  antibiotics  tested  (kanan^dn,  erythromycin,  and  gentamicin),  KMR-1  showed 
resistance  to  aD  but  eiythitmiydn. 

Electron  micrographs  showed  strain  KMR-1  to  be  a  pure  culture  (Figure  2).  The  organism,  a 
inotile,  urease-negative,  graiii*positive,  anaoobic  badUus,  has  properties  aiidlar  to  those  of  other 
strains  isolated  fiom  the  munitions*d^rading  consortium  by  our  research  groiq)  (data  not  shown). 


Figuiv  2.  Electron  micrognqrh  of  C.  bifermentans  KMR-1. 

In  non-reduced  media  ^mthout  mqrlosives,  strain  KMR-1  grew  nqndly  and  maintained  a  very  hi^ 
OD,  while  on  media  with  explosives,  it  grew  more  slowly  (Fig.  3).  Under  all  reducing  conditions, 
there  was  a  significant  lag  time  for  strain  KMR-1  grown  in  media  containing  explosives.  Data  on  the 
concurrent  biotransfixroationofexidosivesl^  strain  KMR-1  under  dififerem  reducing  conditions  are 
shown  in  Figures  3-6.  For  clarity,  graphed  data  are  mean  values  of  replicate  mqreriments  and  were 
not  plotted  with  their  associated  standard  errors  of  the  mean.  In  all  three  media,  TNT  d^radation 
occurred  before  RDX  d^radation.  CeU  numbers  did  not  increase  until  TNT  concentrations 
qrproached  their  minimuiiL  Once  the  TNT  concoitrations  decreased,  an  inoease  in  cdl  number 
occurred  with  concurrem  metabolism  of  RDX.  As  the  concentration  of  RDX  reached  its  minimum 
the  cell  number  in  the  culture  reached  a  maxiiimm.  Only  the  cysteine-reduced  medium  exhibited 
regrowth  whlun  the  time  range  of  this  e}q)etiment  (Fig.  S).  In  aUotic  controls,  concentrations  of 
RDX  did  not  decrease  in  any  of  the  redudng  treatments,  but  concentrations  of  TNT  deceased  in  ail 
treatments.  A  trend  was  seen  in  the  amount  of  atnotically  transformed  TNT  and  the  theoretical  ^ 
potoitial  of  the  media:  the  more  reduced  the  metfium,  the  greater  the  abiotic  reduction  of  TNT. 
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In  aU  treatments  the  anxHint  of  biotically  transformed  explosive  was  greater  Uian  that  of  abiotic- 
ally  trans^Mined  esqdosive.  Funk  et  aL  (1993)  found  that  the  Inotransfivmatkm  of  TNT  by  their 
consortium  occurred  over  a  period  of  4  days  and  RDX  over  24  days.  The  long  period  required 
for  the  obsoved  biotic  transformation  m^  have  been  due  to  the  limited  amount  of  co-subttrate 
supplied  to  the  consortium  in  these  experiments,  while  the  comparative  shmt  time  required  for 
biotic  transformation  of  TNT  and  RDX  in  our  e9q)eriments,  4  h  and  23  h  req)ectivdy>  was 
probably  due  to  the  rich,  supplemented  substrate  supplied  to  strain  KMR-1.  In  our  e>q>eriments 
as  in  those  of  Funk  et  ai.  (1993),  the  biotransfoimation  of  TNT  took  place  before  that  of  RDX, 
separated  by  a  short  lag  time  of  q)proximate  2  h,  which  may  represent  the  time  required  for  the 
bacteria  to  devdop  the  cdlular  machinery  to  biotransform  RDX.  The  biodi^radation  of  RDX  has 
been  shown  to  yidd  several  biolopcal  products  under  anaerobic  conditions.  McCormick  et  aL 
proposed  a  patfawi^  and  identified  products  induding  hexahydro-l^iitroso-3,  S-dinitro-1, 3,  S-dinitro- 
1, 3, 5-ttiazine;  he»hydro-l,  3-ditAroso-5-tBtro-l,  3,  S-triazine;  hexahydro-1, 3, 54rinitro80-l,  3, 5- 
triazine,  hydrazine;  l,l-dimetli^liydia29ne;  1, 2-^metfaylliydraane;  fonnalddbyde,  and  methand. 
Various  anaerobic  products  ^m  biod^radation  of  TOT  in  both  pure  culture  aird  by  consortia 
have  been  described  (Schackmann  and  Muller,  1991;  Preuss  et  aL,  1993;  Parrish,  1977;  Funk  et 
al.,  1993;  McCormick  et  al.,  1976;  Kaplan  and  Kiq>lan  1982;  Boopathy  et  oL,  1993;  Boopathy 
and  Kulpa  1992).  We  are  now  identiQ^  the  intomediates  associated  with  the  biotransfomunion 
of  both  RDX  aid  TOT  by  C  hifermentans  KMR-1.  Anaerxibic  biodegradation  was  previouriy 
shown  to  be  an  efiSxtive  and  ecmomical  iqipiDach  fix' the  remediauon  rtf' sdls  contaminated  with 
munition  residues  OBPA 1994).  Our  work  suggests  Clostridia  as  prime  fittilitators  of  this  process. 
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